The inhibitory effect of (À)-, (þ)-matairesinol and (À)-, (þ)-secoisolariciresinol on the discoloration of dark muscle (chiai in Japanese) of two-year-old yellowtail (hamachi in Japanese) was evaluated by measuring the X and a Ã values. (À)-Matairesinol was most effective for retaining the red color of dark muscle in this experiment.
Ehime prefecture in Japan is well known for its yellowtail farming. The fishery business in Ehime prefecture faces the problem of discoloration of the red color of yellowtail dark muscle. This discoloration of the dark muscle of yellowtail easily occurs during transportation and frozen storage, and after opening the packaging, giving brown or black flesh. 1, 2) Since the red color of yellowtail dark muscle is important for consumers, this easy discoloration decreases the value of yellowtail. The amount of exported yellowtail flesh is limited by the claim about discoloration. Although experts in Ehime prefecture have studied the inhibition of this discoloration to increase the exports of yellowtail, 1, 2) the problem has not been resolved. An effective method to prevent the discoloration of yellowtail dark muscle needs to be found to increase the exported amount and activate the local economy. The effect of an enokitake mushroom extract has been reported, 3) and research on the effective compound is now going on. Discoloration of the dark muscle is caused by the oxidation of myoglobin to metmyoglobin via oxymyoglobin. The mechanism for this oxidation is unknown. Whether myoglobin oxidation is caused by a chemical or enzymatic process has not been reported. Only an enzymatic system having metmyoglobin-reducing activity has been reported. [4] [5] [6] [7] [8] It has been reported thattocopherol, which is a hydrophobic phenolic compound having antioxidant activity, accelerates this enzymatic system, 6) although -tocopherol is not effective for preventing the discoloration during shipping. The effect of lignan, which is widely distributed in nature and is a hydrophobic phenolic compound having antioxidant activity like -tocopherol, on the discoloration of dark muscle was examined in this present study.
Many lignans and neolignans have been reported. 9, 10) Lignans having high chemical antioxidant activity were selected and their effect on discoloration was examined in this study. Since lignans bearing an oxygen-free benzylic position showed higher antioxidant activity in our previous studies, [11] [12] [13] [14] (À)-, (þ)-matairesinol and (À)-, (þ)-secoisolariciresinol ( Fig. 1) , which are the common lignans contained in vegetables [15] [16] [17] [18] and whose safety has been reported, 19) were adopted in this study. To observe directly the effect of these lignans, a solution of each was spread on yellowtail dark muscle, and then the color change was observed. Whether the antioxidant activity of the lignan effected the inhibition of discoloration is described.
Experimental
The X and Y values were measured with a Topcon spectroscopic SR-1 radiometer under 3000 Lux at 80 cm distance from the sample, and were then converted to an a Ã value. 0 -dimethoxylignane-9,9 0 -diol 14) Treatment of yellowtail flesh with lignans. 2%, 1% and 0.5% solutions of (À)-and (þ)-matairesinol, and (À)-and (þ)-secoisolariciresinol in 50% (v/v) aqueous EtOH were prepared. Each of these solutions was applied to sliced young yellowtail flesh containing blood-colored flesh (15 mg of solution/1 g of flesh). The resulting slices were kept at 7 C, and the X value was measured in a dark room after 12 h, 24 h, and 36 h.
Measurement of the X value. The X value was measured at eight random points in each slice, and two slices were measured for each test group. Two tests were carried out. The X value was converted to the a Ã value, data being expressed as the X or a Ã value AE SD. The data were analyzed by two-way ANOVA with repeated measures and followed by Student's t-test with Bonferroni corrections.
Acute toxicity test of (À)-matairesinol. To examine its acute toxicity, (À)-matairesinol was orally administered to female 6 weekold BALB/c mice at 0 (50% EtOH as the vehicle), 2, 20 and 200 mg/ body/d for 10 d. Before and after this administration for 10 d, the body weight was measured, and the digestive organs and immune organs y To whom correspondence should be addressed. Fax: +81-89-977-4364; E-mail: syamauch@agr.ehime-u.ac.jp were observed. The animal experiment was carried out in accordance with the protocol approved by Ehime University Animal Care and Use Committee. Figure 2 shows the effect on discoloration of (À)-matairesinol. After 12 h, all concentrations of (À)-matairesinol maintained a high X value. Although the rate of decrease of X value of the flesh containing (À)-matairesinol accelerated between 12 h and 24 h, the X value at all concentrations was higher than that of the flesh without (À)-matairesinol. A significant difference from the control was apparent at all concentrations up to 24 h. The a Ã value shows the effect of (À)-matairesinol more clearly, a significant difference from the control being apparent up to 36 h. The effect did not depend on the concentration. The clear effect of (À)-matairesinol on inhibiting the discoloration of yellowtail dark muscle was obvious. Figure 3 shows the effect of (þ)-matairesinol on the discoloration. Although the X value of the flesh containing 2% and 1% concentration was significantly decreased, no significant difference at 0.5% concentration from the control was apparent at any time. Observation of the X value showed that the effect of (þ)-matairesinol depended on the concentration, different from the effect of (À)-matairesinol which did not depend on the concentration. The clear effect of (þ)-matairesinol was apparent in a Ã value at 2%, 1%, and 0.5% concentration after 12 h, although no significant difference of the a Ã value from the control was apparent from 12 h to 36 h. In the case of the a Ã value for (À)-matairesinol, all concentrations showed significant difference from the control, indicating that the effect of (À)-matairesinol was stronger than that of (þ)-matairesinol. Figure 4 shows the changes of X and a Ã values for the flesh containing (À)-secoisolariciresinol. No significant difference of any concentration from the control was apparent in X value at any time. In the a Ã value at 2% concentration was significantly different from both the 0.5% concentration and the control at all times. A significant difference of the 1% concentration from control was observed after 12 h. On the other hand, no significant difference of the 0.5% concentration from the control was apparent from 12 h to 24 h. Since the effect of (À)-matairesinol did not depend on the concentration, the effect of (À)-secoisolariciresinol was lower than that of (À)-matairesinol. Figure 5 shows the effect of (þ)-secoisolariciresinol. Although no clear effect was apparent in X value, the a Ã value with 2% concentration was higher. A significant difference with 2% concentration was shown from both the 1% and 0.5% concentration at 12 h, while a significant difference with 2% was shown only from 0.5% concentration in the case of (À)-secoisolariciresinol. This results means that the inhibition of discoloration by (À)-secoisolariciresinol was higher than that of (þ)-secoisolariciresinol, but lower than that of (À)-matairesinol which had an effect at all the concentrations tested.
Results and Discussion
The inhibitory effects of (À)-and (þ)-matairesinol, and of (À)-and (þ)-secoisolariciresinol against the discoloration of yellowtail dark muscle were evaluated, the effect of (À)-matairesinol being the strongest. In the oxidation scheme of myoglobin to metmyoglobin via oxymyoglobin, only the metmyoglobin-reducing enzyme system has been reported. There is a possibility that lignans act on the metmyoglobin-reducing enzyme system or on the air oxidation of myoglobin and oxymyoglobin. Although both matairesinol and secoisolariciresinol have two phenol groups present at the p-position, a different activity level was apparent. It might be assumed that the lactone ring of matairesinol is important for the higher inhibition of discoloration and two primary hydroxy groups is not effective for inhibition of discoloration. Some biological activities of (À)-matairesinol have been reported, 20, 21) but this is a new activity for (À)-matairesinol and new information about the effective use of natural resources containing matairesinol. [15] [16] [17] [18] The effect of CO gas is known to maintain the color of dark muscle, although the use of CO gas has been prohibited in Japan and EU. There is a possibility that our discovery might provide a new method to inhibit the discoloration of dark muscle after examining the aspect of toxicity.
Since (À)-matairesinol is the more common stereoisomer than the (þ)-form, the acute toxicity of (À)-matairesinol was examined in BALB/c mice ( Table 1) . Various concentrations of (À)-matairesinol were orally administered to mice for 10 d. The amount of (À)-matairesinol at 200 mg/mouse body was estimated as being equivalent to one piece of a young yellowtail slice treated with (À)-matairesinol at 2% concentration for eating by humans. Even though the mice were administered with such a high dose of (À)-matairesinol, all remained alive for 10 d and the body weight was not affected. This result revealed that (À)-matairesinol did not have acute toxicity. In addition, no marked lesions were apparent in the digestive organs or immune organs of the (À)-matairesinol-administered mice. Ratio expresses the relative body weight against that of the control group on each day (n ¼ 6).
